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Abstract 

The  magnetoelectric  response  of  magnetostrictive/piezoelectric  laminate  composites  has  been  investigated.  Based  on  the 
piezoelectric  and  piezomagnetic  constitutive  equations,  and  motion  equation  for  the  composite  plate,  the  magnetoelectric 
equivalent  circuit  has  been  derived,  and  the  magnetoelectric  coefficients  predicted.  Prototype  devices  of,  as  an  application 
example,  Terfenol-D/PZT  composite  plates  were  fabricated,  and  experimental  values  for  the  magnetoelectric  voltage 
coefficient  coincided  with  the  predicted  ones. 


I.  Introduction 

The  magneto-electric  (ME)  effect  is  a  polarization  response  to  an  applied  magnetic  field  H,  or  conversely  a  magnetization 
response  to  an  applied  electric  field  E.[l]  Magneto-electric  materials  have  been  studied  [2-7]  such  as  BiFe03, 
Pb(Fei/2Nbi/2)03,  and  Cr203;  however  to  date,  a  single  phase  material  with  a  high  inherent  coupling  between  magnetization 
M  and  polarization  P  has  yet  to  be  found. 

Magneto-electric  behavior  has  also  been  studied  as  a  composite  effect  in  multi-phase  systems  consisting  of  both 
piezoelectric  and  magnetostrictive  materials  [8-21].  Piezoelectric/  magnetostrictive  composites  have  been  the  topic  of 
numerous  investigations,  both  experimentally  and  analytically.  Various  composite  connectivities  of  two  phases  have  been 
studied,  including  3-3  (i.e.,  ceramic-ceramic  particle)  and  2-2  (laminate).  These  studies  have  confirmed  the  existence  of  ME 
effects  in  composites;  however,  the  magnitude  of  the  coupling  is  low. 

Investigations  of  piezoelectric-magnetostrictive  laminate  composites  have  previously  been  reported  using  constitutive 
equations  [10,  20,21,22].  The  ME  coefficient  of  2-2  type  laminates  has  been  approximated  for  the  transverse  magnetized/ 
transverse  polarized  (T-T)  mode  of  operation  [10,20].  Unfortunately,  the  approach  is  suitable  only  for  dc  magnetic  biases; 
furthermore,  the  approach  does  not  lend  itself  to  the  design  of  laminates  operating  in  other  modes.  This  constitutive  approach 
combined  both  piezoelectric  and  piezomagnetic  constitutive  equations.  But,  it  did  not  consider  the  coupled  equation  of 
motion  for  the  laminate,  and  consequently  ignored  the  magnetic  energy  transduced  into  electrical  energy  by  this  coupled 
motion.  Any  quantitative  prediction  of  ME  coefficients  and  the  design  of  other  ME  laminate  configurations  must  be  based  on 
these  considerations. 

An  equivalent  circuit  approach  could  be  used  to  model  the  ME  effect.  Even  though  such  methods  are  well  known  for 
both  electromechanical  and  magnetomechanical  couplings  [23,24],  they  have  yet  to  be  applied  to  ME  coupling.  In  this  paper, 
an  equivalent  circuit  method  is  used  to  analyze  the  ME  behavior  of  laminates  of  magnetostrictive  terfenol-D  (TbxDyi_xFe2) 
and  piezoelectric  Pb(Zri_xTix)C>3  (PZT).  The  approach  is  based  on  piezoelectric  and  magnetostrictive  constitutive  equations, 
where  the  layers  are  strain-stress  coupled.  An  equation  of  motion  due  to  a  magnetic  excitation  is  developed,  from  which  the 
transduced  electrical  energy  is  obtained. 


II.  Working  Modes  of  Magneto-Electric  Laminate  Composites 

Terfenol-D  has  a  large  magnetostrictive  strain,  which  is  anisotropic  and  a  function  of  H  .  Thus,  it  has  large 
magnetostrictive  effects  only  for  specific  modes.  Previous  investigations  of  magnetostrictive/piezoelectric  laminates  have 

used  terfenol-D  in  the  transverse  mode  (T-mode),  where  H  is  applied  perpendicular  to  the  magnetization  M  direction.  One 
problem  associated  with  the  T-mode  is  that  the  magnetostrictive  constant  d3i  m  is  small.  We  find  that  terfenol-D  layers  (grain- 

oriented  in  the  thickness  direction)  operated  in  the  L-mode  (H  is  parallel  to  M  )  have  8x  the  strain  of  that  in  the  T-mode. 
Consequently,  ME  effects  in  laminates  which  use  the  L-mode  will  be  significantly  larger  than  those  that  use  the  T-mode. 
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Figure  1(a)  shows  our  new  laminate  design.  It  consists  of  a  PZT  layer  poled  in  the  thickness  direction,  which  is 
sandwiched  between  two  terfenol-D  layers  magnetized  in  the  length  direction.  This  ME  laminate  is  operated  in  the  L-T  mode. 
The  design  is  different  than  conventional  T-T  ones  [8-20],  which  is  illustrated  in  Figure  2(b). 


(a)  (L-T)  mode  (b)  (T-T)  mode 

Figure  1.  Laminate  composite  designs,  (a)  L-T  laminate,  and  (b)  T-T  laminate. 

The  magnetostrictive  and  piezoelectric  layers  are  mutually  coupled  through  strain  S(z)  and  stress  T(z).  Thus,  application 

of  H  along  the  length  direction  of  the  magnetostrictive  layer  (see  Figure  la)  puts  the  piezoelectric  one  into  forced  oscillation, 
generating  a  voltage  across  its  thickness.  [Note,  both  longitudinal  c/jj  ,,,  and  transverse  d3I ,,,  magnetostrictive  vibration  modes 
will  be  excited;  however,  because  the  laminate  is  long  and  thin,  the  transverse  (31)  vibration  mode  can  be  neglected.]  This  is 

the  L-T  magneto-electric  effect.  Similarly,  application  of  H  along  the  thickness  direction  of  the  magnetostrictive  layers 

(Figure  lb)  generates  a  volt  across  the  thickness  of  the  piezoelectric  layer.  [Note,  when  H  is  applied  along  this  direction  in 
Figure  1(b),  the  thickness  (33)  vibration  mode  can  be  neglected.]  This  is  the  T-T  magneto-electric  effect,  which  has 
previously  been  investigated  [8-20]. 


III.  Analysis  of  Magneto-(Elasto)-Electric  Coupling 


The  ME  behavior  of  laminate  composites  is  a  product  property.  Product  properties  do  not  naturally  occur  in  single  phase 
materials,  but  rather  are  due  to  the  integration  of  multiple  functionalities  within  a  composite.  Two  sets  of  linear  constitutive 
equations  (for  small  signal  excitation)  are  required  to  describe  the  ME  product  property  in  laminate  composites,  which  are 
mutually  coupled  by  strain  S(z)  and  stress  T(z). 

A.  Constitutive  Equations 

We  suppose  that  the  piezoelectric  layer  is  polarized  along  its  thickness  direction,  and  that  stress  is  imposed  on  this  layer 

by  the  magnetostrictive  (terfenol-D)  layers  along  the  length  direction,  regardless  of  whether  H  is  applied  parallel  or 
perpendicular  to  the  length  of  the  plate.  Accordingly,  the  piezoelectric  constitutive  equations  are 

=  S\\T\P  +  =  dil  pTlp  +  £33E3 ,  (1) 

where  IT,  is  the  electric  displacement,  S33  is  the  permittivity  under  constant  stress,  Sj  j  is  the  elastic  compliance  of  the 
piezoelectric  material  under  constant  E,d31p  is  the  transverse  piezoelectric  constant,  and  T]p  and  Sl  are  the  stress  and 

strain  in  the  length  direction  of  the  piezoelectric  layer  imposed  by  the  magnetostrictive  layers.  [Note,  using  the  local 
coordinate  system  in  piezoelectric  plate  in  Figure  1,  the  local  coordinate  axis  “3”  is  assumed  to  be  defined  by  the  polarization 
direction,  which  is  along  the  thickness.  Accordingly,  the  local  coordinate  axis  “1”  is  the  length  direction  of  the  laminate.] 
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When  H  is  applied  parallel  to  the  longitudinal  axis  of  the  laminate,  a  longitudinal  (33)  strain  is  excited.  [Note,  using  the 
local  coordinate  system  in  piezomagnetism  in  Figure  1,  the  local  coordinate  axis  “3”  is  assumed  to  be  defined  by  the 
magnetization  direction,  which  is  along  the  longitudinal  axis  of  the  laminate.  Accordingly,  the  local  coordinate  axis  “1”  is  the 
thickness  direction  of  the  laminate.] 

The  piezomagnetic  constitutive  equations  for  the  (33)  longitudinal  mode  are 

^3m  =  S33^3m  +  ^33,m^3  ^3  =  ^33,m^3m  +  /^33^3  ’  (2a) 

where  B3  is  the  magnetization  along  the  length  direction,  p33  is  the  permeability  under  constant  stress,  ,S'{!  is  the  elastic 

compliance  of  the  magnetostrictive  material  under  constant  H,  d3 ,  m  is  the  longitudinal  magnetostrictive  constant,  and  T3m  and 

S3m  are  the  stress  and  strain  in  the  longitudinal  direction  of  the  magnetostrictive  layers  imposed  by  on  the  piezoelectric  layer. 

When  H  is  applied  parallel  to  the  thickness  of  the  laminate,  a  transverse  (31)  strain  is  excited.  The  piezomagnetic 
constitutive  equations  for  the  (31)  transverse  mode  are 

S\m  =  s\\Thn  +  d3XmH3  B3  =  d3XmTXm  +  p33H3 ;  (2b) 

where  d3X  m  is  the  transverse  magnetostrictive  constant. 

These  constitutive  equations  are  linear  relationships,  which  do  not  account  for  loss  components.  Significant  nonlinearities 
in  both  piezoelectric  and  magnetostrictive  materials  are  known  to  exist,  in  addition  to  losses.  Our  approach  will  treat  the 
individual  layers  of  the  laminate  using  the  above  given  harmonic  approximation. 


B.  Equation  of  Motion 

Assuming  harmonic  motion,  along  a  given  direction  z,  it  will  be  supposed  that  three  small  mass  units  (Ami,  Arm  and  Am3) 
in  the  laminate  have  the  same  displacement  u(z)  vector  given  as 

.  ,  0  du 

“i,  =  uim  =  Hz),  or  Slp  =  Sim  =  —  ;  (3) 

where  i=l  results  in  the  T-T  mode  ME  effect  when  H  is  applied  in  the  thickness  direction,  and  where  i=3  results  in  the  L-T 

mode  one  when  H  is  applied  in  the  length  direction.  This  follows  from  Figure  2,  by  assuming  that  the  layers  in  the  laminate 
act  only  in  a  coupled  manner.  Following  Newton’s  Second  Law,  we  then  have 

p\2 

(A ml  +  A m2  +  Am, ) — “  =  A Tx  (Ax )  +  ATun  (lA2 )  (4) 

dt 

where  Am,  =  Am,  =  ppAxAz  ,  A m2  =  pmA1Az  ,  and  Pp  and  pm  are  the  mass  densities  of  the  piezoelectric  and 
magnetostrictive  layers  respectively. 


For  a  given  laminate  width  Wiam  and  thickness  f/am,  the  total  cross-sectional  area  of  the  laminate  is  the  sum  of  the  layer 
areas  A/am=Ap+Am+Am=tiamW/am,  and  the  total  thickness  is  the  sum  of  the  layer  thicknesses  tiam=tp+2tm.  The  equation  of  motion 
can  then  be  rewritten  as 


-d2u  dTx  m  dTx 

+  (!-«)- 


P 


dr 


=  n- 


dz 


dz 


(0  <  n  <  1)  ; 


(5) 


where  n=A2/A=tm/tiam  is  a  geometric  factor,  and  p  = 


-  PPA+Pm(2Ai)  . 


A 


is  the  average  mass  density  of  the  laminate. 


Substituting  equation  1,  the  stress  T  from  equation  2  and  the  definition  of  strain  S  into  equation  5,  the  equation  of  motion  can 


be  linked  to  the  mean  sound  velocity  V  of  the  laminate  as 


d  u  -2  d^u 

- T  =  °  - ~ 

dt 2 


-2  n  1  —  ns  ,1/ pns, 
where  V  =  (-^  +  — £-)//?  =  ( 


P"U  ’  n  =  0 

1/  PmSii  ’  »  =  1 


(ii  =  11  or  33) 


(6) 


(7) 
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C.  Magneto-(elasto)-electric  equivalent  circuit 

By  combining  piezoelectric  and  piezomagnetic  constitutive  equations,  solutions  to  the  equation  of  motion  can  be  derived 
for  the  L-T  and  T-T  magneto-electric  modes,  given  as 

Fx  =  Zjiij  +  Z2  (iij  -  u2 )  +  (ppV  +  <pmH3  ( 1  Oa) 

F2  =  ~Zxu2  +  Z2(ux  —  ii2)  +  cp pV  +  <pmH2  (10b) 

\=](oCQV  +  (pp(u2-iix)-,  (10c) 

where  F  i  and  F2,  and  llt  and  U2  are  the  forces  and  the  displacement  speeds  at  the  two  end  surfaces  of  the  laminate, 
respectively;  V  and  Ip  are  induced  voltage  and  current  from  the  piezoelectric  layer  due  to  ME  coupling,  respectively;  Zj  and  Z2 
are  the  mechanical  characteristic  impedances  of  the  composite;  Co  is  static  (clamped)  capacitance  of  the  piezoelectric  plate; 
and  <pp  and  <pm  are  the  elasto-electric  (electromechanical)  and  magnetoelastic  coupling  factors. 

A  combined  magneto-(elasto)-electric  (or  ME)  equivalent  circuit  for  both  L-T  and  T-T  modes  can  now  be  developed,  as 
given  in  Figure  2a.  In  this  diagram,  the  forces  Fj  and  F2  at  the  boundaries  z  =0  and  z  =/  act  as  a  “mechanical  voltage”,  and 

Wj  and  U2  act  as  a  “mechanical  current”.  Without  an  external  magnetic  field  H,  the  exerted  force  FI  and  F2,  which  act  as 
“mechanical  voltage”  and  excite  “mechanical  current”,  can  induce  an  electric  voltage  and  current  on  the  piezoelectric  plate 
via  piezoelectric  effect  with  coupling  factor  <pp.  Without  external  forces  FI  and  F2,  an  applied  magnetic  field  H,  which  also 
acts  as  a  “mechanical  voltage”,  can  induce  a  “mechanical  current”  via  the  magneto-elastic  effect  with  a  coupling  factor  <pm.  In 
turn,  this  results  in  an  electrical  voltage  V  across  the  piezoelectric  layer,  due  to  electromechanical  coupling.  A  transformer 
with  a  turn-ratio  of  <pp  can  be  used  to  represent  the  electromechanical  coupling  in  the  circuit.  The  current  Ip  produced  across 

the  piezoelectric  layer  is  then  coupled  to  the  “mechanical  current”  ( iq  and  U2 ),  as  given  in  equation  9. 


u,  z>  z, 


(a)  Magneto-elastic-electric  bi-effect  equivalent  circuit 
Figure  2.  Magneto-elastic-electric  bi-effect  equivalent  circuit 


u 


Z 


(b)  Simplified  equivalent  circuit  under  free-free  boundary 
condition 

for  the  magnetostrictive/  piezoelectric  laminate.  In  Fig. 3b, 


z  = 


\_ 

2 


jPuAlamCtS 
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The  parameters  from  the  motion/constitutive  equations  have  equivalent  electrical  analogues,  given  as 

_  . —  ,  kl  „  pvA  .  dijm  lw  s  wdn 

Zx  =  j pvAtg— ,Z 2  =  -t—— ,  (pm  =  4 -A^L,  c0  =  —4 ;  cpD  =  — ^ ;  a =  1  or 3)  (11) 


j  sin  kl 


h 


where  i=  1  for  the  T-T  mode,  and  i=3  for  the  L-T  mode.  Under  free-free  boundary  conditions,  FI=F2= 0.  In  this  case,  the  input 

1  — ,  (kP 

and  output  channels  are  shorted  to  ground,  and  Z2+ZI//ZI= - J po Ac  tan  — 

2  V 2 

to  that  shown  in  Figure  2b. 


.  The  circuit  in  Figure  2a  is  then  simplified 


IV.  Analysis  of  Magneto-Electric  (ME)  Coefficients 


The  ME  coefficient  is  a  measure  of  a  voltage  induced  by  an  applied  H .  There  are  two  methods  to  express  the  ME 


coefficient.  These  are  an  induced  voltage  per  unit  H 


f  SV  ^ 

(  SE\ 

or - 

,  or  an  induced  electric  field  per  unit  H 

or - 

l  SHj 

v  SI  I) 

.  A 


5E 

number  of  previous  investigations  have  reported  the  magneto-electric  effect  in  term  of  the  ME  field  coefficient  or  ; 

SV 

however,  the  figure  of  merit  of  a  magnetic  field  sensor  will  be  related  to  — .  To  avoid  confusion,  we  will  consistently  use 
these  two  definitions  given  above  as  the  representations  of  ME  coefficients. 


-  SV 

A  high  ME  coefficient  means  that  the  laminate  has  a  high  voltage  sensitivity  to  a  small  H  .  In  evaluations  of  — —  to  be 

presented  in  the  following  sections,  various  materials  parameters  for  both  terfenol-D  and  PZT  will  be  required.  Table  1 
presents  a  summary  of  some  of  the  parameters  needed  in  the  analysis. 


A.  Magnetic-electric  voltage  coefficients 

We  can  derive  the  ME  voltage  coefficients  from  the  equivalent  circuit  in  Figure  2b.  Under  open-circuit  conditions,  the 
current  Ip  from  the  piezoelectric  layer  is  zero.  Thus,  the  capacitive  load  C0  can  be  moved  to  the  main  circuit  loop.  Applying 
Ohm’s  law  to  the  circuit,  the  ratio  of  the  output  voltage  V0  to  the  ‘magnetically  induced  voltage’  <p,„H3  is 

2 


K 


(D  //, 

t  m  3 


<PB 


j(oC{) 


Z  + 


(P„ 


j  coCq 


(12a) 


For  <D«27ifr  =  2nl)  /  21  (where  fr  is  the  resonance  frequency  of  the  laminate),  the  value  of  tan(kl/2)  in  the  characteristic 
impedance  Z  is  ~kl/2.  As  a  result,  the  ME  voltage  coefficient  can  be  approximated  as 


dV 


dll. 


<PV<PJ 


- 2 

C0Apo  +lcp 


(12b) 


where  the  expressions  for  <pm  and  <pp  are  given  in  equation  (11).  [Note,  under  small  magnetic  field  excitation,  V//H3\  in 
equation  (12a)  can  be  replaced  by  \dV/dH3\\.  The  ME  voltage  coefficient  is  dependent  upon  the  magneto-elastic  coupling 
factor  (pm  of  the  terfenol-D  layers,  and  on  the  square  of  the  electromechanical  coupling  factor  <pp  of  the  PZT  layer.  Clearly, 
high  magnetoelastic  coupling  and  high  electromechanical  coupling  are  important  contributing  factors  to  the  design  of  a  high 
ME  voltage  coefficient.  The  ME  voltage  coefficients  in  both  the  L-T  and  T-T  modes  have  the  same  general  form  as  given  in 

equation  (12);  however,  the  values  of  <pm  and  V  are  different  for  the  L-T  and  T-T  modes. 


5 


(1)  Magneto-electric  voltage  coefficient  in  the  L-T  mode 

Under  a  small  ac  magnetic  field  Hac  applied  along  the  longitudinal  axis  of  the  laminate,  the  L-T  mode  ME  voltage 
coefficient  is 


dV 
dH 3 


I  (L-T) 


»( 1  ~ 

44  \-HSU  (1  -  kkP  )  +  C1  -  «)4  1 


(13) 


This  is  the  first  quantitative  formula  for  the  ME  voltage  (or  field)  coefficient.  The  value  of 


dV 


dH \ 


is  proportional  to  the 


(L-T) 


square  of  the  transverse  piezoelectric  constants  d31  „  and  to  the  longitudinal  piezomagnetic  constant  d3 


Larger  cross-sectional  areas  Alam  result  in  higher  values  of 


dV 


dH , 


This  has  importance  to  the  design  of  ME 


(L-T) 


laminates. 

In  addition,  the  ME  voltage  coefficient  is  strongly  related  to  thickness  ratio  of  the  terfenol-D  layers,  n.  When  n  =  0  (without 
piezomagnetism  layer),  there  will  not  be  a  magneto-elastic  coupling,  thus  the  ME  voltage  coefficient  is  zero;  when  n  =1 
(without  piezoelectric  layer),  there  will  not  be  an  electro-mechanical  coupling,  thus,  the  ME  voltage  coefficient  is  still  zero. 

dV 

There  must  be  an  optimum  value  for  the  geometric  factor  n=tjtiam  (noptim),  which  results  in  a  maximum 


dH \ 


This  can 


(L-T) 


be  determined  from  d  ( 


dV 


dH , 


(L-T) 

n 


)/  dn  =  0  to  be 

1 


optim 


1  +  yfcc 


, where  *  =  44  =  (1-4j4- 


T  H 
*33  ^33 


1  ,p'  H 

s33 


(14) 


Equation  (14)  is  also  important  to  the  design  of  laminate  composites.  The  optimum  thickness  ratio  of  terfenol-D  layers  is 

EH 

related  to  electromechanical  coupling  factor  k; /  and  the  ratio  of  elastic  compliances  Sn  and  S33  of  the  magnetostrictive  and 
piezoelectric  layers.  Figure  3(a)  shows  the  ME  voltage  coefficient  of  the  L-T  mode  as  a  function  of  n,  which  was  determined 

dV 


using  the  material  parameters  given  in  table  I.  A  maximum  value  for 
laminate  composite  (see  Figure  la)  of  terfenol-D  and  PZT  at  n~0.64. 


dll. 


of . -54  (mV/Oe)  was  found  for  our  L-T 


(L-T) 


Table  1  Parameters  for  calculations  of  magneto-electric  coefficients 


Density 

(kg/m3) 

Elastic  constants 
(xlO-12) 

Piezoelectric/magnetic 

Constants 

Coupling 
factor  k3 1 

ST  Is 

*33  '  ^0 

PZT 

7600 

(4) 

14.8 

(4) 

16.7 

(d33,P)* 

600 

(xlO12) 

(<W* 

310 

(xlO12) 

0.38 

2000 

T-D 

9230 

(4) 

125 

(4) 

40 

(d33,m)** 

1.2xl0'8 

(d3i,m)** 

5.8xl0"9 

*  Piezoelectric  constants  will  change  under  the  stress  or  load  applied  by  piezomagnetic  layer 
**  Piezomagnetic  constants  are  related  to  the  magnetic  bias. 


(2)  Magneto-electric  voltage  coefficient  in  the  T-T  mode 


The  T-T  mode  ME  voltage  coefficient  can  also  be  derived  from  equation  (12b).  Under  a  small  Flac  applied  along  the 
thickness  of  the  laminate,  the  T-T  mode  ME  voltage  coefficient  is 


6 


dV 


dlL 


n{\-n)A,amdnmd;ip 
£T^s'u[nS\\{\  - klp)  +  (1  - n)s[[ ] 


(15) 


The  value  of 


dV 


dH 


( t-T )  ''33JllL"JllV±  "-31  ,p) 

is  proportional  to  the  square  of  the  transverse  piezoelectric  constants  cf  i  p  and  to  the  transverse 


(T-T) 


piezomagnetic  constant  d3ijm.  Again,  the  cross-sectional  area  A/am  of  the  laminate  has  a  direct  effect  on  the  ME  voltage 
coefficient,  and  also  there  is  an  noptim  given  as 

n ,  where  P  =  =  (1  -  A:,2,  .  (16) 


optim 


i+# 


ST  SH 
*33  ‘’ll 


Figure  3(a)  also  shows  the  ME  voltage  coefficient  of  the  T-T  mode  for  our  T-T  laminate  as  a  function  of  n.  A  maximum 


value  for 


dV 


dH , 


of  ~11  (mV/Oe)  can  be  seen  at  «~0.76.  Clearly,  the  L-T  coefficient 


(T-T) 


dV 


dH , 


is  much  larger  than  the 


T-T  one.  The  former  is  ~5x  higher  than  the  later.  [Note,  this  will  of  course  depend  on  magnetic  bias.] 

B.  Magneto-electric  field  coefficients 

8E 

We  can  calculate  the  ME  field  coefficient  - by  dividing  equations  (13)  and  (15)  by  the  thickness  of  the  piezoelectric 

8H 


layer  tp.  Note:  ^lsaL  =  3m_  The  L_T 

1  —  n 


f  dE 

/ 

and  T-T 

dE 

\ 

[dH 

L-T  J 

V 

dH 

T-T  J 

mode  ME  field  coefficients  are 


dE 


dH , 


nw,  d,-,  dp 

lam  33,  m  31,  p 


(L-T) 


£33SU  inSU  (!  -  K,p)  +  0  -  n)S33  ] 


(a) 


dE 


dH , 


nw,  c d\, 

lam  31,w  31,p 


(T-T) 


%^Ki(i  -  k3lp)  +  (1  -  n)sP  ] 


;( 1  ?b) 


(a)  ME  voltage  coefficients  of  L-T  and  T-T  laminates 
calculated  using  equations  (13)  and  (15). 


(b)  ME  field  coefficients  of  L-T  and  T-T  modes 
calculated  using  equations  (17a,b). 


Figure  3.  ME  voltage  and  field  coefficients  of  L-T  and  T-T  laminates. 
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Figure  3b  shows 


dE 


dH 


and 


dE 


dH 


as  a  function  of  the  geometric  ratio  n  for  our  terfenol-D/  PZT  laminates.  There 


SV  5E 

is  an  important  difference  between  the  dependence  of  — and  on  n.  Thinner  piezoelectric  layers  (larger  n  value)  give 

8E 

higher  values  of - ;  however,  the  voltage  output  from  the  laminate  is  reduced  more  significantly.  This  is  because  tp  is  a 

8H 

SV 

function  of  n.  For  magnetic  field  sensor  applications,  the  important  parameter  is - ,  because  sensing  is  done  by 

SH 

measurement  of  induced  voltage  changes. 


V.  Experimental  Verification  and  Discussion 


We  designed  and  fabricated  terfenol-D/PZT  magneto-electric  laminates  that  were  long  and  square.  We  used  the  design  in 
Figure  la  for  the  L-T  mode,  and  that  in  Figure  lb  for  the  T-T.  The  dimensions  of  the  terfenol-D  layers  were  12.0x6.0x1.0 
mm3,  and  that  of  the  PZT  layer  (PZT-5)  was  12.0x6.0  x0.5  mm3. 


The  induced  voltage  across  the  PZT  plate  was  then  measured  as  a  function  of  Flac  (a.c  magnetic  exciting  signal)  at  a 
measurement  frequency  of  103  FIz,  using  a  lock-in  amplifier  method.  The  induced  ME  voltage  was  a  linear  function  of  Flac  for 
both  the  L-T  and  T-T  modes.  Under  a  dc  magnetic  bias  of  500  Oe  and  a  Hac=l  Oe  applied  along  the  length  direction  of  the 
laminate,  the  induced  ME  voltage  of  the  L-T  laminate  was  58  mVp.  Correspondingly,  under  a  Hac=l  Oe  applied  along  the 
thickness  direction  of  the  laminate,  the  induced  ME  voltage  of  the  T-T  laminate  was  9  mVp.  The  corresponding  values  of 


dV 
dH 3 


I  L-T 


and 


dV 
dH 3 


are  58  mVp/Oe  and  9  mVp/Oe,  respectively.  These  measured  values  coincide  well  with  our 

(T-T) 


analytical  predictions,  which  were  based  on  linear  piezoelectric  and  magnetostrictive  constitutive  equations,  and  small 
magnetic  field  excitations.  In  addition,  the  measurements  confirm  the  prediction  that  the  L-T  mode  ME  voltage  coefficient  is 
~5x  that  of  the  T-T  one. 


Clearly,  the  L-T  mode  has  higher  ME  coefficients  than  that  the  T-T  one.  In  particular,  under  low  magnetic  bias,  the  L-T 
mode  had  much  higher  ME  effects.  More  detailed  experimental  results  will  be  reported  separately. 


VI. 


Conclusion 


The  magneto-electric  equivalent  circuit  and  corresponding  magneto-electric  coefficients  have  been  derived  for  terfenol- 
D /  PZT  laminates.  Analysis  of  piezoelectric  and  piezomagnetic  constitutive  equations  substituted  in  an  equation  of  motion 

SV 

predict:  (i)  a  significantly  higher  value  of  the  L-T  mode  -  relative  to  the  T-T  (~5x),  (ii)  a  thickness  ratio  of  piezoelectric 

SH 

SV 

and  magnetostrictive  plates  that  maximizes  -  ,  and  (iii)  that  dV/dH  is  directly  related  to  the  piezoelectric  and 

SH 

piezomagnetic  constants.  Experimental  investigations  have  confirmed  predicted  values  of  the  magneto-electric  voltage 
coefficients  for  both  L-T  and  T-T  laminates. 
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